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Abstract
This report summarizes the findings of a study conducted 
as a pilot for part of a park-wide monitoring program being 
developed for the Ozark National Scenic Riverways (ONSR) 
of southeastern Missouri. The objective was to evaluate 
using crayfish (Orconectes spp.) and Asian clam (Corbicula 
fluminea) for monitoring concentrations of metals associated 
with lead-zinc mining. Lead-zinc mining presently (2007) 
occurs near the ONSR and additional mining has been pro-
posed. Three composite samples of each type (crayfish and 
Asian clam), each comprising ten animals of approximately 
the same size, were collected during late summer and early fall 
of 2005 from five sites on the Current River and Jacks Fork 
within the ONSR and from one site on the Eleven Point River 
and the Big River, which are outside the ONSR. The Big River 
has been contaminated by mine tailings from historical lead-
zinc mining. Samples were analyzed by inductively coupled 
plasma mass spectrometry for lead, zinc, cadmium, cobalt, 
and nickel concentrations. All five metals were detected in all 
samples; concentrations were greatest in samples of both types 
from the Big River, and lowest in samples from sites within 
the ONSR. Concentrations of zinc and cadmium typically 
were greater in Asian clams than in crayfish, but differences 
were less evident for the other metals. In addition, differences 
among sites were small for cobalt in Asian clams and for zinc 
in crayfish, indicating that these metals are internally regulated 
to some extent. Consequently, both sample types are recom-
mended for monitoring. Concentrations of metals in crayfish 
and Asian clams were consistent with those reported by other 
studies and programs that sampled streams in southeast Mis-
souri.
Introduction
The Ozark National Scenic Riverways (ONSR) lies 
within the Ozark Plateau in southeastern Missouri (fig. 1). 
The ONSR, which is managed by the National Park Service 
(NPS), comprises approximately 33,265 ha and includes 216 
km of the Current River and Jacks Fork. The ONSR is famous 
for its large freshwater springs, caves, spring-fed rivers, and 
recreational opportunities in a landscape of oak-hickory forest 
and pastoral river valleys. Canoeing, camping, and sport fish-
ing are especially popular recreational activities. The Current 
River and Jacks Fork support populations of Ozark hellbender 
(Cryptobranchus bishopi), a large, predatory salamander con-
sidered endangered in Missouri and that has been proposed for 
Federal listing (Missouri Department of Conservation, 2006). 
The highly mineralized Ozark Plateau contains eco-
nomically significant lead-zinc deposits of the Mississippi 
Valley Type (Goldhaber and others, 1995). Surface lead-zinc 
deposits were discovered by early French explorers; these 
and subsequently discovered deposits have been exploited at 
varying levels of intensity since the early 1700s. Advances 
in mining technology facilitated deep mining, which was and 
remains focused in two southeast Missouri districts: the “Old 
Lead Belt”, primarily located in Washington and St. Francois 
counties, which was active from about 1700 until the early 
1970s (Schmitt and others, 1984; Gale and others, 2004); and 
the “New Lead Belt”, primarily located in Crawford, Iron, 
and Reynolds counties, which became active in the 1960s 
and where lead, zinc, copper, and other metals are still mined 
(Wixson and Jennett, 1975; Wixson, 1978; Proctor, 1984; 
Imes, 2002). These metals, along with other potentially toxic 
byproduct metals including cadmium, cobalt, and nickel, are 
released to the environment from mining and ore processing. 
Most mining and ore processing in the New Lead Belt occurs 
on lands that formerly were part of the Mark Twain National 
Forest. The southernmost extent of the New Lead Belt is 
located only about 32 km northeast of the ONSR. Additional 
potentially exploitable deposits have been discovered within 
the Mark Twain National Forest in Shannon County (Imes, 
2002). Although the prospecting area lies in the surface water 
drainage of the Eleven Point River, it is in the ground water 
recharge area of Big Spring, an important feature within 
ONSR that contributes substantially to flows in the Current 
River (Imes, 2002; Imes and others, 2007). 
Ambient concentrations of lead and other metals from 
natural sources in the Ozarks have been augmented by releases 
from mining and ore processing activities. Karst features such 
as sinkholes, conduits, and springs in the area may facilitate 
the transport of mining-associated contaminants from runoff 
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and discharges (Imes, 2002). Although lead does not accu-
mulate to high concentrations in aquatic organisms, elevated 
concentrations and effects such as biochemical responses in 
fish and altered benthic fish and macro-invertebrate commu-
nity composition have been associated with the release of met-
als from the Old Lead Belt and New Lead Belt (Schmitt and 
Finger, 1982, 1987; Whelan, 1983; Schmitt and others, 1984, 
1987, 1992, 1993, 2005, 2006, 2007a, 2007b; Dwyer and 
others, 1988; Gale and others, 2004; Brumbaugh and others, 
2005, 2007; Allert and others, 2006; Besser and others, 2007). 
ONSR managers have expressed a need to define and track 
concentrations of lead and possibly other potentially toxic 
metals out of concern for human and ecological health. These 
needs may become more acute if additional economically 
significant lead-zinc deposits are located and exploited.
Purpose and Scope
The U.S. Geological Survey (USGS) conducted a study 
in cooperation with the NPS to determine metals concentra-
tions in invertebrates obtained in 2005 from streams in the 
ONSR as a pilot for a long-term monitoring program. The 
National Parks Omnibus Management Act of 1998 and NPS 
policy require that park managers know the condition of 
natural resources under their stewardship, and monitor long-
term trends in those resources to fulfill the agency mission of 
conserving parks unimpaired. Accordingly, a comprehensive 
monitoring plan is being developed for the ONSR to assess its 
condition. Among the indicators being considered for inclu-
sion in the monitoring plan are concentrations of lead and 
other potentially toxic metals released to aquatic ecosystems 
by lead-zinc mining. Monitoring will consist of measuring 
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Figure 1. Location of the study area; shown are invertebrate collection sites (1 through 7), rivers, the Ozark National 
Scenic Riverways (ONSR) boundary, watershed boundaries, counties, and municipalities.
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concentrations of metals in samples collected periodically 
from waters of the ONSR, with the objectives of determining 
current (2005) concentrations of lead and other metals in the 
rivers of the ONSR, whether concentrations are increasing, 
whether aquatic organisms are exposed to potentially toxic 
concentrations of lead or other metals, and whether individuals 
and populations of metal-sensitive river biota are potentially 
being affected by exposure to metals. This report summarizes 
the 2005 concentrations and thereby provides a basis for 
achieving the other monitoring objectives. Data from other 
studies (Petersen and others, 1998; Allert and others, 2006; 
Besser and others, 2007) are included for comparison.
Species Selection Criteria
Metal concentrations can be monitored in samples 
representing virtually all living and non-living components 
of aquatic ecosystems (water, sediment, plants, and animals). 
Each sample type has advantages and disadvantages that differ 
among the parameters (in this example, metals) to be moni-
tored. General criteria for selecting a sample type or types 
include spatial and temporal variability, analytical detection 
thresholds, costs, and the degree to which concentrations in 
a given matrix represent “environmental conditions”, includ-
ing site fidelity—the extent to which an animal represents the 
location from which it was collected. Effects of contaminant 
exposure at many levels of biological organization (biochemi-
cal, organ, organism, population, and community) also can be 
monitored; however, except for certain specific biochemical 
responses (Schmitt and others, 1984; 2007), most effects are 
not contaminant-specific and can be influenced by many fac-
tors in addition to chemical exposure. 
Crawford and Luoma (1993) completed an extensive 
literature review pertaining to organic and inorganic contami-
nant monitoring in biota as part of the of the USGS National 
Water-Quality Assessment Program development (NAWQA; 
Hirsch and others, 1988). The following criteria were identi-
fied for choosing species for chemical analysis: Chemical 
concentrations in the organisms should be responsive to 
environmental exposure; uptake of contaminants by organisms 
should be rapid; concentrations in the organisms should be 
greater than those in water; the organisms must not be killed 
by exposure to low levels of the contaminants to be monitored; 
concentrations in organisms should vary little within a site; the 
organisms should be relatively sedentary so as to reflect con-
centrations in the collection locale; the organisms should be 
abundant and widespread in the study area to facilitate com-
parisons; the organisms should be sufficiently large, abundant, 
or both to provide adequate tissue for analysis; the organisms 
should be sufficiently long-lived to integrate exposure concen-
trations over at least several months; and the organisms should 
be easy to sample (Crawford and Luoma, 1993). An additional 
consideration of the NPS is to minimize the removal of aquatic 
organisms, especially those considered to be rare, recreation-
ally significant, or ecologically significant. 
A problem shared by all programs and protocols relying 
on the collection of indigenous organisms is that there are no 
truly ubiquitous large, long-lived, abundant, and sedentary 
species that accumulate all contaminants equally well. Of the 
organisms available for consideration in the ONSR, certain 
invertebrates meet most requirements for trace-metal moni-
toring. Most aquatic macroinvertebrates are comparatively 
sedentary, and generally they do not internally regulate metals 
as well as fish. Many invertebrates also ingest varying amounts 
of particulate material (and its contaminants) from the water 
column, bed sediment, or both depending on feeding guild (for 
example Goodyear and McNeill, 1999). Consequently, metals 
concentrations in invertebrates tend to reflect environmental 
concentrations comparatively well (Crawford and Luoma, 
1993; Goodyear and McNeill, 1999). The NAWQA program 
considered sampling fish, invertebrates (mollusks, crayfish, 
aquatic insect larvae), and plants (attached algae, macroalgae, 
macrophytes), and ultimately adopted a step-down approach 
for trace metals depending on taxa available at a site. Organ-
isms are sampled by NAWQA in the following order of 
preference: Asian clams, aquatic insects, target fish species 
(as identified by Crawford and Luoma, 1993), and aquatic 
plants. In the Ozark Plateaus Study Unit (Petersen and others, 
1998), which included waters of the ONSR, Asian clams were 
collected and analyzed by NAWQA where the species could 
be found and several fishes (liver tissue; Crawford and Luoma, 
1993) were sampled elsewhere; liver samples were obtained 
preferentially from longear sunfish (Lepomis megalotis) and, 
secondarily, from smallmouth bass (Micropterus dolomieu). 
Crayfish met all the monitoring criteria identified by NAWQA 
but were not selected because no information was available on 
the uptake and retention of organic chemicals by these animals 
(Crawford and Luoma, 1993). Although organic chemicals 
remain a priority for NAWQA, they are not presently an issue 
in the ONSR. Based on a discussion of these factors with NPS 
personnel, crayfish and Asian clams were selected for pilot 
monitoring in the ONSR. Attributes of these organisms for 
metals monitoring are summarized in the following sections.
Crayfish
Crayfish constitute a large percentage of the inver-
tebrate biomass in Ozark streams (Hobbs, 1993; Momot, 
1995; Rabeni and others, 1995; Whitledge and Rabeni, 1997; 
DiStefano, 2005). As such, they are considered “ecological 
dominants” (Simberloff, 1998) that shape the entire aquatic 
community. Crayfish are opportunistic ominvores that feed on 
varying proportions of fish, aquatic invertebrates, periphyton, 
and detritus during their life cycle (Hobbs, 1993; Momot, 
1995; Whitledge and Rabeni, 1997; Parkyn and others, 2001). 
Crayfish process large quantities of organic material (includ-
ing macrophytes, attached algae, and detritus) and represent 
a significant food source for smallmouth bass, other fishes, 
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and riparian wildlife (Probst and others, 1984; Whitledge and 
Rabeni, 1997; DiStefano, 2005). Crayfish tend to accumulate 
non-essential metals such as lead and cadmium in propor-
tion to exposure, but may be able to regulate copper and zinc 
(Gillespie and others, 1977; Dickson and others, 1979; Knowl-
ton and others, 1983; Crawford and Luoma, 1993). Con-
centrations of lead in crayfish from mining-affected streams 
in southeast Missouri were highly correlated with those in 
sediments, but were lower by a factor of about five (Schmitt 
and Finger, 1982). Most metals in crayfish concentrate in 
the hepatopancreas, antennal (green) gland, exoskeleton, and 
digestive tract (Dickson and others, 1979; Roldan and Shiv-
ers, 1987; Crawford and Luoma, 1993); however, mercury 
also accumulates in muscle (Allard and Stokes, 1989). The 
NAWQA program considered dissecting the hepatopancreas 
from crayfish for analysis (Crawford and Luoma, 1993); how-
ever, metals in whole crayfish (including the contents of the 
digestive tract) represent the concentrations to which higher-
level organisms are exposed (Schmitt and others, 2006). In 
addition, there is a large body of extant data describing metals 
concentrations in whole crayfish from streams representing the 
range of metals concentrations present in Missouri to which 
concentrations in crayfish from the ONSR can be compared 
(Wixson, 1978; Schmitt and Finger, 1982; Whelan, 1983; 
Allen and Wilson, 1992; Wildhaber and others, 1997; Allert 
and others, 2006; Besser and others, 2007). There also are 
uptake data from locally relevant controlled studies (Knowlton 
and others, 1983; Besser and Rabeni, 1987), and the analysis 
of metals in crayfish represents an important component of 
ongoing USGS studies related to lead-zinc mining in Missouri 
(Imes, 2002; Allert and others, 2006; Besser and others, 2007).
Riffle-dwelling crayfish of the genus Orconectes, which 
are distributed across the Ozark Plateau (Pflieger, 1996), were 
targeted for monitoring in the ONSR. Within the ONSR, the 
golden crayfish (O. luteus) is the prevalent species (Rabeni 
and others, 1995); it is also widespread in the Ozarks. Con-
sequently, and even though it does not grow as large as 
some other species, O. luteus was the preferred species. The 
spothanded crayfish (O. punctimanus) was identified as the 
primary alternate species in the event that O. luteus was not 
available at a site. Two other crayfishes, the Ozark crayfish (O. 
ozarkae) and Hubbs’ crayfish (Cambarus hubbsi), also occur 
in the ONSR and were identified as the alternate species of 
last resort. 
Asian Clam
The Asian clam is an exotic species that has become 
established throughout much of North America. It is extremely 
invasive and is regarded as a threat to indigenous mussels 
and other native aquatic organisms (McMahon, 1983; Oesch, 
1995). In 1992, when NAWQA sampled the Current River 
and Jacks Fork for contaminants in biota, the Asian clam was 
available only at the downstream-most site on the Current 
River at Van Buren (Petersen and others, 1998). Since 1992, 
the species has spread throughout most of the Current River 
and Jacks Fork within the ONSR (V. Grant, ONSR, oral com-
mun., 2005). 
The use of the Asian clam for contaminants monitoring 
has grown in popularity as the species has spread. As a result, 
and as noted by Crawford and Luoma (1993), protocols for 
monitoring with Asian clams are well documented (Graney 
and others, 1983; Foe and Knight, 1987; Leland and Scudder, 
1990). Asian clams accumulate most metals in proportion to 
exposure, with the possible exception of zinc (Crawford and 
Luoma, 1993). Laboratory exposure studies indicate a con-
centration-dependent linear uptake of mercury and cadmium, 
but with a plateau effect for cadmium, and that concentrations 
persist for at least 30 days post-exposure (Inza and others, 
1998). Studies with caged, transplanted Asian clams indicate 
that tissue concentrations may not reflect zinc gradients in 
water or sediment as well as those of cadmium (Baudrimont 
and others, 1999). Nevertheless, data from the Spring River 
basin (Missouri, Kansas, and Oklahoma) indicate that concen-
trations of lead, cadmium, and zinc in wild Asian clams are 
correlated with concentrations in sediment (Angelo and others, 
2007). The Asian clam was, therefore, selected for monitoring 
in the ONSR.
Materials and Methods
Collection Sites
Crayfish and Asian clams were obtained at five ONSR 
sites and two sites outside the ONSR during late August-
early October, 2005 (fig. 1; table 1). Sites were selected to 
represent a broad range of metals exposures in the ONSR and 
nearby areas and for ease of access. One outside site was on 
the Eleven Point River, in Oregon County, Missouri, down-
stream from the prospecting area. The other was on the Big 
River in St. Francois County, Missouri; the Big River has been 
contaminated by mine tailings from the Old Lead Belt (Gale 
and others, 2004; Brumbaugh and others, 2005; Schmitt and 
others, 2006) and a human consumption advisory has been 
issued because of elevated concentrations of lead in bottom-
dwelling fish (Missouri Department of Health and Senior 
Services, 2006). Together with extant contemporary data 
(Petersen and others, 1998; Allert and others, 2006; Besser 
and others, 2007), the seven sites represent the range of metals 
concentrations likely to exist in streams in and near the park. 
Following completion of the pilot, it is likely that a probabil-
ity-based sampling plan will be developed by the NPS to be 
implemented in concert with other ONSR monitoring compo-
nents. The revised sampling plan will define the boundaries 
of the “populations” being sampled and will address issues 
such as site selection criteria; sampling frequency, timing, and 
replication; and the number and location of sampling sites. 
The monitoring protocols conform to the general guidelines 
of Oakley and others (2003) and to all pertinent guidelines 
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for the humane treatment of test organisms during culture and 
experimentation.
Field Methods
Crayfish were captured by kick-seining or kick-netting 
in riffles containing coarse substrate or along the margins 
of emergent vegetation beds. They were removed from the 
nets and kept alive in a plastic bucket lined with a polyethyl-
ene bag containing ambient water. Monitoring in the ONSR 
targeted young-of-the-year golden crayfish collected in late 
summer-early fall, by which time they generally have attained 
a carapace length of 12 to 18 mm (24 to 36 mm total body 
length; Muck and others, 2002). When about 15 crayfish of 
the appropriate size had been collected they were transported 
to shore. The identification (species) of each animal was 
confirmed and its carapace length (CL, from tip of rostrum 
to posterior edge of the cephalothorax) was measured to the 
nearest 0.1 mm using stainless steel calipers. The carapace 
length was recorded and each crayfish was carefully rinsed 
with ambient water and placed in a pre-cleaned, pre-labeled 
polyethylene jar. The collection target was three composite 
samples of 10 crayfish (one composite sample per jar) from 
each site. Remaining crayfish were released. To be consistent 
with previous studies (Besser and others, 2007) and to ensure 
that the samples represented the metals concentrations avail-
able for transferred to higher trophic levels, crayfish were 
not depurated (that is, held in ambient water to allow them 
to purge ingested particulate material). After sampling, the 
approximate center of the area of the stream from which each 
composite sample was obtained was determined with a global 
positioning system (GPS) receiver. Samples were frozen in dry 
ice in the field, then transferred to a freezer upon return to the 
laboratory and stored frozen (-20 °C) until thawed for analysis. 
Asian clams were harvested from riffles and stream mar-
gins by hand or with dip nets. The target was three composite 
samples of 10 animals each from each site. As described 
for crayfish, Asian clams were held in a lined plastic bucket 
containing ambient water until 10 to 15 specimens of the 
targeted size range (20 to 25 mm maximum shell diameter) 
had been obtained. This size was selected for conformity 
with NAWQA protocol (Crawford and Luoma, 1993). The 
specimens were transferred to shore where as much external 
material (sediment, algae) as possible was removed by hand 
from the external surfaces of the shells and the identity was 
confirmed. Each specimen was measured with stainless steel 
calipers (maximum shell diameter). In contrast to crayfish and 
to also remain consistent with NAWQA protocol (Crawford 
and Luoma, 1993), the Asian clams were depurated by placing 
all the animals comprising a sample in a new polyethylene bag 
about one third full of ambient water. The bag was then filled 
with oxygen, sealed, and placed in another (sealed) bag con-
taining a sample label. Remaining specimens were released. 
The labeled, double-bagged sample was transferred to a cooler 
containing ambient water, and the sampling process was 
repeated until three samples of 10 animals had been obtained 
from the site. The approximate center of each collection site 
was documented by GPS. The specimens remained in the 
bags of ambient water in the coolers for 24 hours, after which 
they were transferred to pre-labeled, pre-cleaned polyethylene 
jars (one composite sample per jar) and frozen (-20 °C) until 
thawed for analysis.
Laboratory Analyses and Quality Assurance
Analysis of invertebrate samples followed Crawford and 
Luoma (1993), May and others (1997), Brumbaugh and others 
(2005), and Besser and others (2007). Composite samples of 
whole crayfish (with intact exoskeleta and digestive tracts) 
were prepared for analysis by lyophilization followed by 
homogenization to a coarse powder with a cryogenic mill. 
Asian clams were partly thawed so that the soft tissues could 
be separated from the shells. The soft tissues of all the animals 
in the composite sample were lyophilized and homogenized 
by pulverizing them with a glass rod. Dried, homogenized 
samples were digested in nitric acid and hydrogen peroxide as 
described by Brumbaugh and others (2005). Digestates were 
analyzed for cobalt, lead, cadmium, zinc, and nickel by induc-
tively coupled plasma mass spectrometry (Brumbaugh and 
others, 2005; Besser and others, 2007). All concentrations are 
reported as micrograms per gram (µg/g) dry-weight; moisture 
content was not determined. 
Table 1. Location of collection sites and sampling dates.
Site number Location County Date Lat, longa
1 Eleven Point River at Turner’s Mill Oregon 8/29/2005 36° 45’ 56.7” N, 91° 16’ 01.0” W
2 Current River at Cataract Landing Carter 8/30/2005 36° 53’ 22.2” N, 90° 54’ 47.3” W
3 Current River at Waymeyer Landing Carter 8/31/2005 37° 03’ 15.1” N, 91° 03’ 16.8” W
4 Current River at Powdermill Ferry Shannon 9/6/2005 37° 11’ 10.4” N, 91° 10’ 15.4” W
5 Current River at Pulltite Landing Shannon 9/7/2005 37° 20’ 01.7” N, 91° 28’ 29.9” W
6 Jacks Fork at Shawnee Creek Shannon 9/8/2005 37° 10’ 21.3” N, 91° 18’ 00.6” W
7 Big River at St. Francois State Park Washington 10/4/2005 37° 57’ 23.7” N, 90° 32’ 29.2” W
aWGS 84; obtained by Global Positioning System (GPS) receiver.
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Quality-control measures incorporated at the digestion 
stage of the analyses included digestion blanks, certified 
reference materials, replicates, and pre-and post-digestion 
fortified samples (spikes). A calibration blank and an inde-
pendent calibration verification standard were analyzed every 
10 samples to confirm the calibration status of the instru-
ment throughout the analyses. Recoveries of the calibration 
standards were 91 to 108 percent for crayfish and 99 to 105 
percent for Asian clams (appendix 1; appendices are at the end 
of the report). As a check for potential interferences, dilution 
percent differences (DPDs) based on five-fold dilutions of 
the sample digestates were determined; DPDs were less than 
eight percent for all analytes. Instrument and method detection 
limits (IDLs, MDLs) and method quantitation limits (MQLs) 
were estimated for each element in each matrix based on the 
standard deviations of the concentrations determined in blanks 
(appendix 1). The upper limits of the MQLs ranged from 
0.017 µg/g dry weight for cadmium to 0.63 µg/g dry weight 
for zinc (appendix 1). Instrumental precision, which was deter-
mined as relative percent difference (RPD) between duplicate 
analyses of digestates, was 0.1 to 4.8 percent (appendix 1). 
Recoveries of metals from pre-digestion spikes carried through 
the entire analytical procedure were 78 to 107 percent in cray-
fish and 85 to 112 percent in Asian clams, whereas recoveries 
of elements spiked into digestates were 81 to 106 percent in 
crayfish and 83 to 105 percent in Asian clams (appendix 1). 
Relative standard deviations (RSDs) of triplicate determina-
tions representing the entire procedure (digestion through 
instrumental analysis) indicated a low degree of variability for 
crayfish, with RSDs ranging from 2.4 percent for zinc to 7.2 
percent for nickel. The Asian clams, which were not cryo-
genically homogenized, were less replicable; RSDs ranged 
from 8.3 percent for cobalt to 24 percent for lead (appendix 
1). Recoveries of metals from National Institute of Standards 
(NIST) reference materials (oyster tissue) carried through the 
entire procedure were within or near accepted limits for most 
analytes, the notable exceptions being slightly lower than 
expected recoveries of lead (as low as 87 percent) in some 
analyses (appendix 2). Overall, the quality control analyses 
indicate that the results reported here accurately represent the 
metals concentrations in crayfish and Asian clams.
Data Analysis and Presentation
Summary statistics describing sample composition, 
organism size, and metals concentrations are presented in 
tabular and graphical formats. No statistical analyses were 
performed and only limited interpretation of the findings is 
provided. Raw data describing the exact collection locations 
and the sizes of the animals in each sample are tabulated in 
appendices 3 and 4.
Results
Crayfish
A total of 193 crayfish (22 composite samples) repre-
senting the seven sites were collected and analyzed, but the 
animals were not all of the same species or size. Golden cray-
fish were obtained at all five sites within the ONSR, where all 
samples except one comprised 10 animals (table 2). Golden 
crayfish were not present at site 1 (Eleven Point River), and at 
site 7 (Big River) they were less abundant than at the ONSR 
sites; only three golden crayfish were obtained at site 7. The 
other samples from site 7 were belted crayfish (O. harrisoni), 
a species known only from the Meramec River system in 
Missouri (Pflieger, 1996), and spothanded crayfish (table 2). 
Site 1 yielded exclusively coldwater crayfish (O. eupunctus), a 
species restricted in Missouri to the Eleven Point River system 
(Pflieger, 1996). 
Mean carapace length of golden crayfish was compara-
tively uniform among the sites, ranging from 17.9 mm in one 
sample from site 3 to 23.3 mm at site 5 (table 2). Nevertheless, 
the golden crayfish from sites 4 and 5 were larger generally 
than those from sites 2, 3, 6, and 7 (table 2). Within-sample 
coefficients of variation (CVs) for golden crayfish carapace 
length were 7.8 to 20.2 percent, the latter at site 2. Relative to 
the sample means, carapace length ranges were typically 20 
to 40 percent of the mean, with some exceeding 50 percent 
(table 2). Coldwater crayfish were obtained exclusively at site 
1. On average the coldwater crayfish were about the same 
size as the golden crayfish from sites 2 through 7, but more 
uniform (table 2). Two samples of spothanded crayfish and 
one of belted crayfish, each comprising three to five animals, 
were also obtained from site 7. Although the belted crayfish 
is unique to the Meramec River system, it is similar in most 
regards to other species of Orconectes (Pflieger, 1996). The 
animals in one spothanded crayfish sample from site 7 were 
larger (mean carapace length = 35.9 mm) than other samples 
analyzed, whereas those in the second sample were about the 
same size as the other species (table 2). The belted crayfish 
also were about the same size as most golden crayfish. Addi-
tional data pertaining to crayfish size and the location from 
which each sample was obtained are tabulated in appendix 3.
All five metals were detected in all crayfish samples. 
Concentrations (all µg/g dry weight) were cobalt, 0.69 to 4.15; 
nickel, 0.61 to 4.93; zinc, 58.3 to 179; cadmium, 0.25 to 1.23; 
and lead, 0.11 to 143 (table 2). All maximum concentrations 
were in samples from site 7 (Big River) and all minima were 
in samples from within the ONSR (table 2). Site means (all 
µg/g dry weight) were cobalt, 0.73 to 3.06; nickel, 0.64 to 
3.89; zinc, 63.3 to 140; cadmium, 0.29 to 1.02; and lead, 0.14 
to 94.0 (tables 2 and 3; fig. 2). The site means followed the 
same spatial pattern as the maxima. These minimum and max-
imum mean concentrations differ by factors of 4.2 for cobalt, 
6.1 for nickel, 2.2 for zinc, 3.5 for cadmium, and 671 for lead. 
Within-site CVs for sites 1 through 6 were typically less than 
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20 percent for all metals except lead, for which some exceeded 
25 percent (table 3). Most CVs for site 7 were greater than 
those for the other sites, possibly reflecting species, size, and 
habitat differences at this site.
Mean concentrations of lead, zinc, and cadmium in 
crayfish from sites 1 through 6 (Current River, Jacks Fork, and 
Eleven Point River) were within the range of site means for 
reference sites reported by Allert and others (2006) and Besser 
and others (2007; fig . 3; table 4). Mean concentrations of lead 
and zinc, but not of cadmium, in crayfish from site 7 exceeded 
the site means for crayfish from New Lead Belt mining sites 
(tables 2, 3 and 4) but are similar to previously reported con-
centrations in crayfish from the Big River (Schmitt and others, 
2006). Concentrations of lead and zinc in crayfish from sites 
1 through 6 also were similar to those from Big Spring and 
Blue Spring, which contribute flow to the Current River; and 
in crayfish from Greer Spring, which contributes substantially 
to the flow in the Eleven Point River upstream from site 1 (fig. 
3). Metals concentrations in crayfish from the Eleven Point 
River at Cane Bluff, which is upstream from Greer Spring, 
and from the mouth of Hurricane Creek, a tributary of the 
Eleven Point River just upstream from site 1, were greater 
than all others except the Big River; however, lead concentra-
tions in crayfish from the Eleven Point River near McCormack 
Lake, which is just upstream from Greer Spring, were similar 
to those from other sites on the Eleven Point River, Current 
River, and Jacks Fork (fig. 3). Concentrations of cadmium in 
crayfish from Greer Spring and Blue Spring, as reported by 
Besser and others (2007), were also greater than those from 
all other non-mining sites (fig. 3). Mean cobalt concentra-
tions in crayfish from sites 1 through 6 were within the range 
for reference sites reported by Allert and others (2006), but 
mean nickel concentrations at sites 1, 2, 5, and 6 exceeded 
the reference range. Concentrations of cobalt and nickel were 
about 30-fold greater in crayfish from one New Lead Belt 
site (Strother Creek) investigated by Allert and others (2006) 
than at reference sites (table 4). It also is important to note 
that crayfish could not be obtained by Allert and others (2006) 
or Besser and others (2007) at one site further upstream on 
Strother Creek, where elevated concentrations of cobalt and 
nickel were reported in fish (Schmitt and others, 2007a).
Asian Clam
A total of 202 Asian clams (21 composite samples) 
representing all seven sites were collected and analyzed. Most 
samples contained 10 animals, but those from site 1 contained 
only seven or eight each (table 5). 
The specimens were smaller than the preferred range, 
but of similar size (mean diameter 15.5 to 21.4 mm) at sites 
1 through 6; those from site 7 were smaller still (10.9 to 13.4 
mm; table 5). Within-sample CVs for shell diameter were 4.3 
to 18 percent, the latter in a sample from site 3 for which the 
size range as a percentage of the mean was 55.3 percent (table 
5). Additional data pertaining to Asian clam size and the loca-
tion from which each sample was obtained are tabulated in 
appendix 4.
As was true for crayfish, all five metals were detected 
in all Asian clam samples. One sample from site 5 contained 
7.83 µg/g dry weight of cadmium, 1.45 µg/g cobalt, 1.27 
µg/g nickel, 178 µg/g zinc, and 0.31 µg/g lead. The cadmium 
concentration in this sample was about seven times greater 
than all other samples not from the Big River. The sample 
was re-analyzed; the concentration was 1.10 µg/g, which was 
within the range of the other samples not from the Big River, 
and 1.29 µg/g cobalt, 1.19 µg/g nickel, 138 µg/g zinc, and 0.32 
µg/g lead. These results indicate that the first sub-sample had 
been contaminated by cadmium; therefore, the second set of 
values is reported. With this substitution, concentration ranges 
for Asian clams (all µg/g dry weight) were cobalt, 1.16 to 
2.00; nickel, 0.65 to 11.3; zinc, 129 to 812; cadmium, 0.98 to 
26.5; and lead, 0.15 to 85.8 (table 5). Maximum concentra-
tions of all metals except cobalt were in samples from site 7 
Table 3. Mean concentrations of metals in composite samples of crayfish (Orconectes spp.) from the indicated sites. 
[See table 1 for site locations; n, number of composite samples; OE, coldwater crayfish, Orconectes eupunctus; OL, golden crayfish, O. luteus; OP, spothanded 
crayfish, O. punctimanus; OH, belted crayfish, O. harrisoni; numbers in parentheses are coefficients of variation; all concentrations in µg/g dry weight]
Site number, 
species n Cobalt Nickel Zinc Cadmium Lead
1, OE 3 1.25 (5.0) 1.45 (11.0) 78.2 (11.0) 0.47 (9.9) 0.27 (26.0)
2, OL 3 0.85 (17.0) 0.91 (16.0) 79.3 (6.1) 0.59 (19.0) 0.24 (46.0)
3, OL 3 0.73 (4.2) 0.75 (4.8) 65.7 (5.1) 0.69 (12.0) 0.16 (13.0)
4, OL 3 0.73 (7.6) 0.64 (9.0) 68.8 (12.0) 0.39 (29.0) 0.14 (28.0)
5, OL 3 0.88 (18.0) 1.04 (23.0) 63.3 (7.1) 0.30 (5.8) 0.17 (18.0)
6, OL 3 1.18 (6.3) 1.04 (15.0) 67.5 (5.0) 0.29 (14.0) 0.19 (30.0)
7, OL, OP, OH 4 3.06 (23.0) 3.89 (18.0) 140. (25.0) 1.02 (25.0) 94.0 (40.0)
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Figure 2.
(Big River). One sample from site 3 contained about the same 
cobalt concentration (2.00 µg/g dry weight) as the greatest 
concentration from site 7 (1.99 µg/g; table 5). All minimum 
concentrations were in samples from sites within the ONSR, 
as they were for crayfish (table 5). Site means (all µg/g dry 
weight) were Co, 1.40 to 1.85; Ni, 0.93 to 10.38; Zn, 156 to 
696; Cd, 1.12 to 23.7; and Pb, 0.21 to 79.8 (table 6; fig. 2)  and 
followed the same spatial pattern as the maximum concentra-
tions. These minimum and maximum mean concentrations 
differ by factors of 1.3 for cobalt, 11.1 for nickel, 4.5 for zinc, 
21.2 for cadmium, and 380 for lead. Relative to crayfish, the 
ratios between the greatest and smallest mean concentrations 
were larger in Asian clams for nickel, zinc, and cadmium, but 
smaller for cobalt and lead. Within-site CVs for Asian clams 
generally were less than 20 percent for all metals, including 
lead, and the replicate samples from site 7 were similar in this 
respect to those from the other sites (table 6). The CV for Ni 
in one sample from site 2 and one for Pb from each of sites 2 
and 3 were larger than most (greater than 40%; table 6). 
Concentrations of metals in Asian clams were similar 
to those reported for the same or equivalent streams across 
the Ozarks by Petersen and others (1998; table 7). Site 2 was 
downstream of the Current River at Van Buren NAWQA 
site, and site 7 was upstream of the Big River at Richwoods 
NAWQA site. Metals concentrations in Asian clams from 
these sites agreed well with the NAWQA data (tables 6 and 7).
Figure 2. Concentrations of cobalt, nickel, zinc, cadmium, and 
lead in crayfish and Asian clams from sites sampled in 2005.
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Figure 3. Concentrations of zinc, cadmium, and lead in composite samples of crayfish from sites in three watersheds sampled 
in 2005 (sites 1 through 7), in 2001−02 by Besser and others (2007; sites 8 through 12), and in 2004 by Allert and others (2006; sites 
13 and 14).
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Discussion
Based on a review of the monitoring literature (Crawford 
and Luoma, 1993), we sought young-of-the-year golden crayfish 
of 12 to 18 mm carapace length and Asian clams of 20 to 25 
mm maximum shell diameter for monitoring. Crayfish were 
abundant at sites 1 through 6, but were difficult to locate at site 
7 (Big River). Golden crayfish was the dominant species only in 
the Current River and Jacks Fork. Crayfish of all species from 
all sites generally were larger than 18 mm carapace length by 
early September, and the preferred size range was not available. 
Because crayfish molt several times during the growing season, 
which may affect metals concentrations, samples were collected 
as consistently as possible with respect to sampling period and 
size. However, reports of size effects on metals concentrations 
vary; for example, Knowlton and others (1983) indicated that 
lead concentrations decreased with size, but Dickson and others 
(1979) reported no size-related concentration effects. 
Although present at all sites, Asian clams were more dif-
ficult to locate than crayfish. At most sites they typically were 
less than 20 mm in diameter, which is smaller than the targeted 
size range (20 to 25 mm). In the Spring River system, cadmium 
concentrations in the soft tissues of un-depurated Asian clams 
from a relatively uncontaminated site increased with shell diam-
eter, lead concentrations decreased, and there was no trend for 
zinc (Angelo and others, 2007). Mean shell diameters reported 
by Angelo and others (2007) ranged from smaller than 15 mm to 
greater than 25.1 mm, which is similar to the range in this study. 
Angelo and others (2007) noted that when considered across the 
sites they investigated, the greatest metals concentrations tended 
to occur at sites dominated by small Asian clams; the effects of 
collection site and animal size could not be separated. Angelo 
and others (2007) also reported that concentrations of Pb, but not 
Cd or Zn, declined after depuration for 24 hours. Because con-
centrations of aluminum, an important constituent of sediment, 
also declined, the authors concluded that the reduction in the 
lead concentration was due to the egestion of sediment particles. 
Consequently, the size effects reported for lead by Angelo and 
others (2007) were also influenced to some degree by ingested 
sediment differences. 
Despite the range of animal sizes, the concentrations of the 
metals measured in crayfish and Asian clams were within the 
ranges reported by other studies. Therefore, it appears that the 
target size range for crayfish could be increased in future collec-
tions. Based on our sampling, sufficient numbers of golden cray-
fish of 15 to 28 mm carapace length should be present in most 
of the Current River and Jacks Fork within the ONSR. Although 
Asian clams of 12 to 25 mm shell diameter also may be present 
in much of the ONSR, this species is more sparsely distributed, 
and might not be present at all potential sampling locations. In 
addition, the increasing concentrations of cadmium with shell 
diameter from a relatively uncontaminated site reported by 
Angelo and others (2007) indicates that size uniformity should 
be the goal of monitoring with Asian clams. Absent uniformity, 
investigators should remain cognizant of potential size effects on 
cadmium concentrations when interpreting the data. Moreover, 
neither crayfish nor Asian clams were homogeneously distrib-
uted at most sites. Crayfish could be obtained by kick-netting 
in riffles at most sites, but at site 7 they had to be dislodged 
from vegetation. Asian clams typically were located in discrete 
patches along stream margins at sites 2 through 6 (Current River 
and Jacks Fork), but at site 1 (Eleven Point River) they were 
located only in a backwater, and at site 7 (Big River) they were 
dispersed across the stream channel. The combined effects of 
Table 4. Concentrations of metals in crayfish (Orconectes spp.) obtained in 2001 by Besser 
and others (2007) and in 2004−05 by Allert and others (2006).
[Mining sites were located less than 10 km downstream from mines in the New Lead Belt, downstream sites 
were located greater than 10 km downstream from mines, and there was no mining upstream from reference 
sites; n, number of sites; all concentrations in µg/g dry weight; nd, not determined]
Site type Lead Zinc Cadmium Nickel Cobalt
Besser and others (2007)a
Mining (n = 6)b 1.5−16.0 94.0−121 0.32−5.10 nd nd
Downstream (n = 4) 0.5−2.5 77.0−90.0 0.22−0.65 nd nd
Reference (n = 5)c 0.2−1.3 72.0−84.0 0.17−0.84 nd nd
Allert and others (2006)c
Mining (n = 3)b 4.0−18.0 94.0−100 1.1−2.0 1.6−6.6 1.5−3.5
Downstream (n = 9) 0.8−4.0 83.0−160 0.6−5.9 0.7−19.0 0.6−24.0
Reference (n = 4) 0.2−0.4 77.0−89.0 0.4−0.8 0.6−0.8 0.8−1.4
aRanges of site means based on 3 composite samples of 7 to 10 animals per site.
bCrayfish absent at one mining site.
cOne composite sample per site.
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Table 6. Mean concentrations of metals in composite samples of Asian clams from the indicated sites.  
[See table 1 for site locations; means of three composite samples; numbers in parentheses are coefficients of variation; all concentrations in µg/g dry weight]
Site 
number Cobalt Nickel Zinc Cadmium Lead
1 1.40 (3.6) 1.52 (7.3) 190 (1.6) 1.61 (12.0) 1.13 (3.5)
2 1.43 (19.0) 0.98 (41.0) 191 (11.0) 2.36 (32.0) 0.21 (41.0)
3 1.72 (13.0) 1.21 (32.0) 159 (20.0) 1.92 (20.0) 0.32 (50.0)
4 1.63 (13.0) 0.93 (15.0) 156 (5.5) 1.22 (23.0) 0.26 (17.0)
5 1.47 (16.0) 1.52 (27.0) 176 (18.0) 1.12 (4.9) 0.33 (11.0)
6 1.44 (9.1) 1.28 (5.9) 206 (8.1) 1.49 (19.0) 0.37 (11.0)
7 1.85 (8.4) 10.3 (9.1) 696 (14.0) 23.7 (9.4) 79.8 (7.8)
Table 7. Concentrations of metals in Asian clams obtained from the indicated Ozark Plateau sites by the USGS National Water 
Quality Assessment Program (NAWQA) during 1992−95. 
[n, number of samples; all concentrations in µg/g dry weight; <, less than; NAWQA data summarized by Petersen and others (1998), available online at 
http://infotrek.er.usgs.gov/traverse/f?p=NAWQA:HOME:1183417128461336]
Site (n) Cobalt Nickel Zinc Cadmium Lead
Niangua River at Windyville, Mo. (3) 1.4−2.0 1.4−2.3 131−189 0.8−1.1 <0.6-0.6
Osage River near St. Thomas, Mo. (1) 1.3 2.6 113 0.9 <0.4
Big River near Richwoods, Mo. (1) 3.5 7.6 514 19.3 134
Meramec River near Eureka, Mo. (1) 2.1 3.2 296 2.2 12.2
Kings River near Berryville, Ark. (2) 2.4−3.4 2.3−3.8 227−230 1.0−1.6 <0.5−<0.8
James River near Boaz, Mo. (1) 1.1 1.9 222 1.5 1.0
Buffalo River near St. Joe, Ark. (1) 1.3 2.1 165 1.7 <0.7
Black River near Lesterville, Mo. (1) 2.5 5.2 131 2.4 3.1
Current River at Van Buren, Mo. (1) 1.5 1.8 187 1.6 <0.6
Strawberry River north of Poughkeepsie, 
Ark. (2)
2.0−2.0 1.7−1.9 167−172 0.8−0.9 0.5−0.5
Neosho River near Parsons, Kans. (1) 0.7 1.9 135 1.3 <0.3
Elk River near Tiff City, Mo. (1) <0.8 1.3 187 2.4 <0.8
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such size, location, and habitat differences on metals concentra-
tions are largely unknown for either crayfish or Asian clams. 
The CVs for cadmium, zinc, and cobalt were similar for 
Asian clams and crayfish, but those for lead and nickel were 
greater in Asian clams (tables 3 and 6). The greater CVs for 
lead and nickel in Asian clams were somewhat unexpected 
considering that the crayfish were analyzed whole and only 
the soft tissues of the Asian clams were analyzed. However, 
the crayfish were homogenized with a cryogenic mill before 
digestion whereas the Asian clams were not because of small 
sample mass. These results indicate that as processed, nickel and 
lead were less homogeneously distributed in the soft tissues of 
Asian clams than in the whole crayfish. Future sampling might, 
therefore, call for a larger number of Asian clams per composite 
sample to ensure sufficient mass for cryogenic homogenization, 
or the use of cryogenic grinding equipment that is more suitable 
for small tissue masses.
Concentrations of all five metals in crayfish and Asian 
clams were greatest in samples from site 7 (Big River) and 
smallest at one or more sites within the ONSR, as expected. 
Concentrations of zinc and cadmium were uniformly greater 
in Asian clams than in crayfish; however, the other metals 
were variable and the patterns were not identical in the two 
sets of samples (fig. 2). Concentrations of zinc in crayfish were 
nearly uniform across the seven sites, supporting the generally 
held belief that this essential element is regulated by crayfish 
(Alikhan and others, 1990). Conversely, the much greater 
concentrations of zinc in Asian clams than in crayfish from site 
7 indicate that zinc is not regulated to the same extent by Asian 
clams. The converse was true for cobalt, which is also an essen-
tial element; concentrations in Asian clams were more or less 
uniform across the seven sites, whereas concentrations in cray-
fish differed among sites and were substantially greater at site 
7 than elsewhere (fig. 2). Allert and others (2006) also reported 
that cobalt, along with nickel, is accumulated by crayfish (table 
5). Collectively, these findings indicate that the internal dynam-
ics of the metals differ between the two taxa, and that neither is 
clearly superior to the other as a monitoring organism for all five 
metals; in other words, the two sets of samples provide different 
information. The elevated concentrations of cobalt, nickel, and 
other metals, in addition to lead, in biota from streams draining 
mining areas also highlights the fact that pollutants beyond lead 
may be released to the ONSR by lead-zinc mining. 
This pilot investigation addressed only the ONSR objective 
of documenting current metals concentrations. Continued moni-
toring, combined with data from other aspects of the park-wide 
monitoring plan, should provide information for the remain-
ing objectives. Future research should investigate the effects 
of organism size, age, gender, habitat (including temperature), 
species, and other factors on metals concentrations, and should 
seek to optimize the collection protocols and sampling design 
for long-term monitoring. 
References Cited
Allard, M., and Stokes, P.M., 1989, Mercury in crayfish spe-
cies from thirteen Ontario lakes in relation to water chemis-
try and smallmouth bass (Micropterus dolomiueu) mercury: 
Canadian Journal of Fisheries and Aquatic Science, v. 46,  
p. 1,040–1,046.
Alikhan, M.A., Bagatto, G, Zia, S., 1990, The crayfish as a 
“biological indicator” of aquatic contamination by heavy 
metals: Water Resources, v. 24, p. 1,069−1,076.
Allen, G.T., Wilson, R.M., 1992, Trace elements and organic 
compounds in the Spring River basin of southeastern 
Kansas in 1988: Manhattan, Kansas, U.S. Fish and Wildlife 
Service, Contaminant Report No. R6/505M/91, 60 p.
Allert, A.L., Fairchild, J.F., DiStefano, R.J., Schmitt, C.J., 
Besser, J.M., Brumbaugh, W.G., Poulton, B.C., 2006, In 
situ toxicity to young-of-the-year crayfish downstream of 
lead mining in the Missouri Ozarks: poster presented at the 
Society of Environmental Toxicology and Chemistry, 27th 
Annual Meeting, November 5−9, 2006, Montreal, Canada.
Angelo, R., Cringan, M.S., Chamberlain, D.L., Stahl, A.J., 
Haslouer, S.G., and Goodrich, C.A., 2007, Residual effect 
of lead and zinc mining on freshwater mussels in the Spring 
River basin (Kansas, Missouri, and Oklahoma, USA): Sci-
ence of the Total Environment, v. 384, p. 467–496.
Baudrimont, M., Lapaquellerie, Y., Ribeyre, F., Maillet, N., 
Latouche, C., Boudou, A., 1999, Field transplantation of the 
freshwater bivalve Corbicula fluminea along a polymetallic 
contamination gradient (River Lot, France): I. Geochemical 
characteristics of the sampling sites and cadmium and zinc 
bioaccumulation kinetics: Environmental Toxicology and 
Chemistry, v. 18, p. 2,462−2,471.
Besser, J.M., Brumbaugh, W.G., May, T.W., Schmitt, C.J., 
2007, Biomonitoring of lead, zinc, and cadmium in streams 
draining lead-mining and non-mining areas, southeast Mis-
souri: Environmental Monitoring and Assessment, v. 129,  
p. 227−241.
Besser, J.M., Rabeni, C.F., 1987, Bioavailability and toxicity 
of metals leached from lead-mine tailings to aquatic inverte-
brates: Environmental Toxicology and Chemistry, v. 6,  
p. 879−890.
Brumbaugh, W.G., May, T.W., Besser, J.M., Allert, A.L., 
Schmitt, C.J., 2007, Assessment of elemental concentrations 
in streams of the New Lead Belt in southeastern Missouri, 
2002−05: U.S. Geological Survey Scientific Investigations 
Report 2007−5057, 57 p.
References Cited  15
Brumbaugh, W.G., Schmitt, C.J., May, T.W., 2005, Concentra-
tions of cadmium, lead, and zinc in fish from mining-influ-
enced waters of Northeastern Oklahoma: sampling of blood, 
carcass, and liver for aquatic biomonitoring: Archives of 
Environmental Contamination and Toxicology, v. 49,  
p. 76−88. 
Crawford, J.K., Luoma, S.N., 1993, Guidelines for studies of 
contaminants in biological tissues for the National Water-
Quality Assessment Program: U.S. Geological Survey, 
Open-File Report 92−494, 69 p.
DiStefano, R.J., 2005, Trophic interactions between Missouri 
Ozarks stream crayfish communities and sport fish preda-
tors: increased abundance and size structure of preda-
tors cause little change in crayfish community densities: 
Columbia, Missouri, Missouri Department of Conservation, 
Dingell-Johnson Project F-1-R-054, Study S-41, Job 4, 
Final Report, 128 p.
Dickson, G.W., Briese, L.A., Giesy, J.P., 1979, Tissue metal 
concentrations in two crayfish species cohabiting a Tennes-
see cave stream: Oecologia, v. 44, p. 8−12.
Dwyer, F.J., Schmitt, C.J., Finger, S.E., Mehrle, P.M., 1988, 
Biochemical changes in longear sunfish, Lepomis megalotis, 
associated with lead, cadmium and zinc from mine tailings: 
Journal of Fish Biology, v. 33, p. 307−317.
Foe, C., Knight, A., 1987, Assessment of the biological 
impact of point source discharges employing Asiatic clams: 
Archives of Environmental Contamination and Toxicology, 
v. 16, p. 39−51.
Gale, N., Adams, C.D., Wixson, B.F., Loftin, K.A., Huang, 
Y.-W., 2004, Lead, zinc, copper, and cadmium in fish and 
sediments from the Big River and Flat River Creek of Mis-
souri’s Old Lead Belt: Environmental Geochemistry and 
Health, v. 26, p. 37−49.
Gillespie, R., Reisine, T., Massaro, E.J., 1977, Cadmium 
uptake by the crayfish Orconectes propinquus (Girard): 
Environmental Science, v. 13, p. 364−368.
Goldhaber, M.B., Church, S.E., Doe, B.R., Aleinikoff, J.N., 
Brannon, J.C., Podosek, F.A., Mosier, E.L., Taylor, C.D., 
Gent, C.A., 1995, Lead and sulfur isotope investigation of 
Paleozoic sedimentary rocks from the southern midconti-
nent of the United States; implications for paleohydrology 
and ore genesis of the Southeast Missouri lead belts: Eco-
nomic Geology, v. 90, p. 1,875–1,910. 
Goodyear, K.L., McNeill, S., 1999, Bioaccumulation of heavy 
metals by aquatic macro-invertebrates of different feeding 
guilds: a review: Science of the Total Environment, v. 229, 
p. 1−19.
Graney, R.L. Jr., Cherry, D.S., Cairns, J. Jr., 1983, Heavy 
metal indicator potential of the Asiatic clam (Corbicula 
fluminea) in artificial stream systems: Hydrobiologia, v. 
102, p. 217−222.
Hirsch, R.M., Alley, W.M., Wilber, W.G., 1988, Concepts for a 
national water-quality assessment program: U.S. Geological 
Survey Circular 1021, 42 p.
Hobbs, H.H. III, 1993, Trophic relationships of North Ameri-
can freshwater crayfishes and shrimps: Milwaukee, Wiscon-
sin, Milwaukee Public Museum, 110 p.
Imes, J., 2002, Geohydrologic and biological investigations 
associated with a new lead-zinc exploration area near 
Winona, Missouri, and the Viburnum Trend of Southeastern 
Missouri: U.S. Geological Survey Fact Sheet FS−005−02, 
4 p.
Imes, J., Plummer, N.L., Kleeshculte, M.J., Schumacher, J.G., 
2007, Recharge area, base-flow and quick-flow discharge 
rates and ages, and general water quality of Big Spring in 
Carter County, Missouri, 2000−04: U.S. Geological Survey 
Scientific Investigations Report 2007−5049, 80 p.
Inza, B., Ribeyre, F., Boudou, A., 1998, Dynamics of cad-
mium and mercury compounds (inorganic mercury or meth-
ylmercury): uptake and depuration in Corbicula fluminea. 
Effects of temperature and pH: Aquatic Toxicology, v. 43,  
p. 273−285.
Knowlton, M.F., Boyle, T.P., Jones, J.R., 1983, Uptake of 
lead from aquatic sediment by submersed macrophytes and 
crayfish: Archives of Environmental Contamination and 
Toxicology, v. 12, p. 535−541.
Leland, H.V., Scudder, B.C., 1990, Trace elements in Cor-
bicula fluminea from the San Joaquin River, California: 
Science of the Total Environment, v. 97/98, p. 641−672.
May, T.W., Wiedmeyer, R.H., Brumbaugh, W.G., Schmitt, 
C.J., 1997, The determination of metals in sediment pore 
waters and in 1N HCl-extracted sediments by ICP-MS: 
Atomic Spectroscopy, v. 18, p. 133−139.
McMahon, R.F., 1983, Ecology of an invasive pest bivalve, 
Corbicula, in Russell-Hunter, W.D., ed., The Mollusca, v. 6, 
Ecology: New York, Academic Press, p. 505−561.
Missouri Department of Conservation, 2006, Missouri species 
and communities of conservation concern checklist: Jeffer-
son City, Missouri, Natural Heritage Program, 58 p.
Missouri Department of Health and Senior Services, 2006, 
2006 Fish advisory. A guide to eating fish in Missouri: Jef-
ferson City, Missouri, 9 p. 
Momot, W.T., 1995, Redefining the role of crayfish in aquatic 
ecosystems: Reviews in Fisheries Science, v. 3, p. 33−63. 
16  Concentrations of Metals in Aquatic Invertebrates from the Ozark National Scenic Riverways, Missouri 
Muck, J.A., Rabeni, C.F., Distefano, R.J., 2002, Reproduc-
tive biology of the crayfish Orconectes luteus (Creaser) in a 
Missouri stream: American Midland Naturalist, v. 147,  
p. 338−351.
Oakley, K.L., Thomas, L.P., Fancy, S.G., 2003, Guidelines for 
long-term monitoring protocols: Wildlife Society Bulletin, 
v. 31, p. 1,000−1,003.
Oesch, R.D., 1995, Missouri naiades, a guide to the mussels of 
Missouri: Jefferson City, Missouri, Missouri Department of 
Conservation, 271 p.
Petersen, J.C., Adamski, J.C., Bell, R.W., Davis, J.V., Femmer, 
S.R., Freiwald, D.A., Joseph, R.L., 1998, Water quality in 
the Ozark Plateaus, Arkansas, Kansas, Missouri, and Okla-
homa, 1992−95: U.S. Geological Survey Circular 1158,  
33 p.
Parkyn, S.M., Collier, K.J., Hicks, B.J., 2001, New Zealand 
stream crayfish: functional omnivores but trophic predators: 
Freshwater Biology, v. 46, p. 641−652.
Pflieger W. 1996, The crayfish of Missouri: Jefferson City, 
Missouri, Missouri Department of Conservation, 152 p.
Probst, W.E., Rabeni, C.F., Covington, W.G., Marteney, R.E., 
1984, Resource use by stream-dwelling rock bass and 
smallmouth bass: Transactions of the American Fisheries 
Society, v. 113, p. 283−294.
Proctor, P.D., 1984, Heavy metal additions to the environment 
near mines, mills, and smelters, Southeast Missouri, in 
Nriagu, J.O., ed., Environmental impacts of smelters: New 
York, J. Wiley and Sons, p. 89−115.
Rabeni, C.F., Gossett, M., McClendon, D.D., 1995, Contri-
bution of crayfish to benthic invertebrate production and 
trophic ecology of an Ozark stream: Freshwater Crayfish,  
v. 10, p. 163−173.
Roldan, B.M., Shivers, R.R., 1987, The uptake and storage 
of iron and lead in cells of the crayfish (Orconectes pro-
pinquus) hepatopancreas and antennal gland: Comparative 
Biochemistry and Physiology, Part C, v. 86, p. 201−214.
Schmitt, C.J., Brumbaugh, W.G., Linder, G.L., Hinck, J.E., 
2006, A screening-level assessment of lead, cadmium, and 
zinc in fish and crayfish from northeastern Oklahoma, USA: 
Environmental Geochemistry and Health, v. 28, p. 445−471.
Schmitt, C.J., Brumbaugh, W.G., May, T.W., 2007a, Accu-
mulation of metals in fish from lead-zinc mining areas of 
southeastern Missouri, USA: Ecotoxicology and Environ-
mental Safety, v. 67, p. 14−30.
Schmitt, C.J., Dwyer, F.J., Finger, S.E., 1984, Erythrocyte 
δ-aminolevulinic acid dehydratase (ALA-D) activity as an 
indicator of Pb and Zn bioavailability in a river contami-
nated by mine tailings: Canadian Journal of Fisheries and 
Aquatic Sciences, v. 41, p. 1,030−1,040.
Schmitt, C.J., Finger, S.E., 1982, The transport, fate, and 
effects of trace metals in the Big and Black River water-
sheds, Southeastern Missouri: Columbia, Missouri, U.S. 
Fish and Wildlife Service, Columbia National Fisheries 
Research Laboratory, Project Completion Report to the St. 
Louis District, U.S. Army Corps of Engineers, St. Louis, 
Missouri, 167 p.
Schmitt, C.J., Finger, S.E., 1987, The effects of sample prepa-
ration on the measured concentrations of eight elements 
in the edible tissues of fish contaminated by lead mining: 
Archives of Environmental Contamination and Toxicology, 
v. 16, p. 185−207.
Schmitt, C.J., Finger, S.E., May, T.W., Kaiser, M.S., 1987, 
Bioavailability of lead and cadmium from mine tailings to 
the pocketbook mussel (Lampsilis ventricosa), in Neves, 
R.J., ed., Proceedings of the Workshop on Die-offs of Fresh-
water Mussels in the United States: Rock Island, Illinois, 
U.S. Fish and Wildlife Service and Upper Mississippi River 
Conservation Committee, p. 115−142.
Schmitt, C.J., Whyte, J.J., Brumbaugh, W.G., Tillitt, D.E., 
2005, Biochemical effects of lead, zinc, and cadmium from 
mining on fish in the Tri-States District of Northeastern 
Oklahoma: Environmental Toxicology and Chemistry, v. 24, 
p. 1,483−1,495.
Schmitt, C.J., Whyte, J.J., Roberts, A.P., Annis, M.L., May, 
T.W., Tillitt, D.E., 2007b, Biomarkers of metal exposure in 
fish from lead-zinc mining areas of southeastern Missouri, 
USA: Ecotoxicology and Environmental Safety, v. 67,  
p. 31−47.
Schmitt, C.J., Wildhaber, M.L., Hunn, J.B., Nash, T., Tieger, 
M.N., Steadman, B.L., 1992, Lead in Missouri streams: 
Monitoring pollution from mining with an assay for 
δ-aminolevulinic acid dehydratase (ALA-D) in fish blood: 
Columbia, Missouri, U.S. Fish and Wildlife Service Field 
Office, 43 p.
Schmitt, C.J., Wildhaber, M.L., Hunn, J.B., Nash, T., Tieger, 
M.N., Steadman, B.L., 1993, Biomonitoring of lead-con-
taminated Missouri streams with and assay for erythrocyte 
δ-aminolevulinic acid dehydratase (ALA-D) activity in fish 
blood: Archives of Environmental Contamination and Toxi-
cology, v. 25, p. 464−475.
Simberloff, D., 1998, Flagships, umbrellas, and keystones: 
is single-species management passé in the landscape era? 
Biological Conservation, v. 83, p. 247−257.
References Cited  17
Whelan, G.E., 1983, The distribution and accumulation of lead 
and cadmium within a lotic benthic community: Columbia, 
Missouri, Unpublished MS Thesis, University of Missouri-
Columbia, 157 p.
Whitledge, G., Rabeni, C.F., 1997, Energy sources and eco-
logical role of crayfishes in an Ozark stream: insights from 
stable isotopes and gut analysis: Canadian Journal of Fisher-
ies and Aquatic Sciences, v. 54, p. 2,555−2,563.
Wildhaber, M.L., Schmitt, C.J., Allert, A.L., 1997, Elemental 
concentrations in benthic invertebrates from the Neosho, 
Cottonwood, and Spring river systems of Missouri, Kansas, 
and Oklahoma: Columbia, Missouri, National Biological 
Service, Midwest Science Center, Project completion report 
to the U.S. Fish and Wildlife Service, Region 6, Manhattan, 
Kansas Ecological Services Field Office, 17 p.
Wixson, B.G., 1978, Biogeochemical cycling of lead in 
the New Lead Belt of Missouri, in Nriagu, J.O., ed., The 
Biogeochemical Cycling of Lead in the Environment, Part 
A. Ecological Cycles: Amsterdam, Elsevier/North Holland 
Biomedical Press, p. 119−136.
Wixson, B.G., Jennett, J.C., 1975, The New Lead Belt in the 
forested Ozarks of Missouri: Environmental Science and 
Technology, v. 9, p. 1,128−1,133
18  Concentrations of Metals in Aquatic Invertebrates from the Ozark National Scenic Riverways, Missouri 
References Cited  19
Appendixes 1–4
20  Concentrations of Metals in Aquatic Invertebrates from the Ozark National Scenic Riverways, Missouri 
A
pp
en
di
x 
1.
 
In
st
ru
m
en
t d
et
ec
tio
n 
lim
its
, m
et
ho
d 
de
te
ct
io
n 
lim
its
 (M
DL
s)
a , 
m
et
ho
d 
qu
an
tit
at
io
n 
lim
its
 (M
QL
s)
b , 
sa
m
pl
e 
an
d 
di
ge
st
at
e 
re
pl
ic
at
e 
pr
ec
is
io
n,
 a
nd
 p
re
- a
nd
 p
os
t-
di
ge
st
io
n 
sp
ik
e 
re
co
ve
rie
s 
fo
r a
na
ly
se
s 
of
 m
et
al
s 
in
 c
ra
yf
is
h 
an
d 
As
ia
n 
cl
am
s.
[In
str
um
en
t d
ete
cti
on
 lim
it, 
ng
/m
L;
 m
eth
od
 de
tec
tio
n a
nd
 qu
an
tit
iat
ion
 lim
its
, µ
g/g
 dr
y w
eig
ht]
M
et
al
In
st
ru
m
en
t  
de
te
ct
io
n 
lim
its
M
et
ho
d 
de
te
ct
io
n 
lim
its
M
et
ho
d 
 
qu
an
tit
at
io
n 
lim
its
Sa
m
pl
e 
re
pl
ic
at
e 
pr
ec
is
io
n 
 
(p
er
ce
nt
)c
D
ig
es
ta
te
  
re
pl
ic
at
e 
 
pr
ec
is
io
n 
 
(p
er
ce
nt
)d
Pr
e-
di
ge
st
io
n 
sp
ik
e 
re
co
ve
ry
 
(p
er
ce
nt
)d
Po
st
-d
ig
es
tio
n 
sp
ik
e 
re
co
ve
ry
 
(p
er
ce
nt
)e
Ca
lib
ra
tio
n 
bl
an
k 
an
d 
st
an
da
rd
  
re
co
ve
ry
  
(p
er
ce
nt
)f
Cr
ay
fis
h
Co
ba
lt
0.
00
1
0.
00
6
0.
02
0
4.
2
0.
2−
2.
2
85
−8
6
88
−9
9
93
−1
05
N
ic
ke
l
0.
01
5
0.
03
0
0.
09
9
7.
2
0.
4−
2.
4
80
−8
6
84
−9
4
91
−1
04
Zi
nc
3.
58
0.
19
0
0.
63
0
2.
4
1.
0−
3.
1
78
−8
1
81
−8
9
90
−1
08
Ca
dm
iu
m
0.
00
3
0.
00
5
0.
01
7
4.
6
0.
1
10
5−
10
7
10
4−
10
6
10
1−
10
3
Le
ad
0.
00
5
0.
01
0
0.
03
3
3.
9
0.
5−
1.
5
91
−9
6
99
10
0−
10
2
As
ia
n 
cl
am
s
Co
ba
lt
0.
00
1
0.
00
6
0.
02
0
8.
3
0.
3−
0.
4
96
−9
7
90
−9
7
10
1−
10
5
N
ic
ke
l
0.
01
2
0.
02
9
0.
09
6
19
.0
0.
5−
1.
5
97
−9
8
88
−9
8
99
−1
05
Zi
nc
3.
58
0.
16
0
0.
53
0
7.
0
0.
6−
4.
8
85
−9
5
83
−9
3
10
0−
10
4
Ca
dm
iu
m
0.
00
3
0.
01
0
0.
03
3
8.
5
1.
0−
2.
1
10
4−
11
2
98
−1
05
10
0−
11
0
Le
ad
0.
00
5
0.
04
7
0.
16
0
24
.0
0.
6−
0.
8
99
−1
01
94
−1
02
10
1−
10
4
a M
D
L 
= 
3 
× 
(S
D b
2  
+
 S
D
s2
)1/2
,
 
w
he
re
 S
D
b 
=
 s
ta
nd
ar
d 
de
v
ia
tio
n 
of
 d
ig
es
tio
n 
bl
an
ks
 (n
 
=
 3
) a
nd
 SD
s  
=
 s
ta
nd
ar
d 
de
v
ia
tio
n 
of
 a
 lo
w
 le
v
el
 st
an
da
rd
 d
ilu
te
d 
10
0 
× 
(n 
=
 3
).
b M
QL
 = 
3.3
 × 
M
DL
. 
c n
 
=
 3
.
d n
 
=
 2
. 
e n
 
=
 2
 fo
r c
ra
yf
ish
, 3
 fo
r A
sia
n 
cl
am
s. 
f n
 
=
 6
.
References Cited  21
Appendix 2. Recoveries of metals from National Institute of Standards reference materials.
[All concentrations in µg/g dry weight;  ±, plus-or-minus]
Metal Certified concentration Measured concentration range Recovery (percent)a
Standard Reference Material 1566a (oyster tissue, n = 3)
Cobalt 0.57 ± 0.11 0.48−0.57 100
Nickel 2.25 ± 0.44 2.16−2.50 100
Zinc 830 ± 57 694−798 90−100
Cadmium 4.15 ± 0.38 4.04−4.32 100
Lead 0.371 ± 0.014 0.31−0.38 87−100
Standard Reference Material 1566b (oyster tissue, n = 4)
Cobalt 0.371 ± 0.009 0.35−0.38 97−100
Nickel 1.04 ± 0.09 0.99−1.12 100
Zinc 1,424 ± 46 1,340−1,392 97−100
Cadmium 2.48 ± 0.08 2.43−2.51 100−101
Lead 0.308 ±0.09 0.29−0.31 97−100
aRecovery = 100 percent if within range, otherwise calculated based on upper or lower limit of reported concentration range.
22  Concentrations of Metals in Aquatic Invertebrates from the Ozark National Scenic Riverways, Missouri 
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